The hydrographic history of the Kuroshio-Kuroshio Extension system east off Honshu during 200 thousand years was reconstructed based on high-resolution records of fossil diatoms in three cores recovered from the area beneath the Kuroshio Warm Core. The influences of the terrestrial environments are implicated in the fluctuations in number of diatom valves, and in relative abundances of extinct, freshwater and littoral diatom species; in the Kuroshio Extension off shore area extinct, freshwater and littoral diatoms showed decrease in their relative abundance. The Earth's orbital parameters and the variations in isostatic balance in the Northern Hemisphere are considered to have controlled the species composition of diatom flora. The warm-water diatom species in littoral-neritic association are predominant in the near shore area due to the Kuroshio flowing northeast along the coast of southwest Japan. The cold-water species of oceanic association are predominant in the Kuroshio Extension off shore, where southward Oyashio flows in from the Bering and Okhotsk Seas.
Introduction
The water in the Tohoku Area, which is crucial to determine the hydrographic relationship between the subtropical North Pacific Ocean and subarctic North Pacific Ocean, is hydrographically subdivided by eastward Kuroshio Front, which is the stream axis of the Kuroshio Extension in the surface, and southward Oyashio Front into three areas: the Kuroshio Area, the Perturbed Area and the Oyashio Area (Kawai, 1972) . The Kuroshio Extension is the eastward continuation of the Kuroshio beyond Inubo-zaki, and further to the North Pacific Current (Fig. 1) . The Kuroshio Extension meanders along the southern margin of the Perturbed Area and forms occasionally the secondary Kuroshio Front, which is branched off northwards. Remarkably, streaky structures and a warm core remain along the Kuroshio Front in the Kuroshio-Kuroshio Extension.
The research vessel "Mirai" systematically collected many piston cores from 1997 to 2002. We are analyzing the diatom fossil assemblages in several cores and with significant results to understand the changing KuroshioKuroshio Extension system during the past 200 thousand years. Diatoms photosynthesize, making a contribution to the assimilation of atmospheric carbon, and they supply foods to animals as a primary producer in the nature. Diatoms, therefore, cause substantial changes in the composition of their assemblages when they react to the slightest change in the waters.
This study aims to obtain paleohydrographic records in the Kuroshio Front during the past 200 thousand years. The diversity of diatom species and wide distribution in the mixed layer in the water helps investigating paleohydrographic changes.
Core materials and age model
Three cores were recovered in the area beneath the main track, the warm core, of the Kuroshio and the Kuroshio Extension (Fig. 1) . The core MD01-2421 was recovered by R/V Marion Dufresne from at 36.014°N, 141.468°E, 2224 m deep, off Kashima during the IMAGES VII-WEPAMA 2nd cruise in 2001. The age model for the core was constructed by AMS 14 C ages of planktonic foraminifer tests (black triangles in Figs. [2] [3] 5) , Aira-Tanzawa (AT) tephra (circle), and oxygen isotope variation of benthic foraminifer tests (squares; Koizumi et al., 2004) .
Two cores MR02-03-2 and MR99-04-3 were recovered by R/V Mirai at 36.007°N, 146.000°E, 5712 m deep, during the MR02-K03 cruise in 2002 and the MR99-K04 cruise in 1999, respectively. The age model for MR02-03-2 was obtained by the correlation between the paleomagnetic intensity (NRM15/ARM15) of the core and then global changes in intensity of the Earth's magnetic field (SINT800; Guyodo and Valet, 1999) : core depth 3.79 m is assigned to age 54 cal kyr BP (calendar kiloyear Before Present), 8.13 2-3, 5; Koizumi et al., 2003) . MR99-04-3 contains two marker tephra layers: Shikotsu-Daiichi tephra (Spfa-1) is assigned to 39.8 cal kyr BP at 329-314 cm (center depth 321.5 cm) and Aso-4 tephra to 88.0 cal kyr BP at 537-533 cm (535 cm) (triangles in Figs. 2-3, 5; Aoki et al., 2000) .
Method of Study
The average sampling interval in MD01-2421 is 20 cm corresponding to 0.6 kyr throughout the core, in MR02-03-2 10 cm corresponding to 1.5 kyr and in MR99-04-3 9 cm corresponding to 1.7 kyr (Table 1) . However, the sampling intervals in both horizons of 80. 35-78.63 and 69.41-68.40 cal kyr BP in MD01-2421 are more than 1 kyr because of the presence of disturbed, soupy layers and lower sedimentation rates.
The procedures of slide preparation, microscopic examination, and paleoceanographic analyses follow to Koizumi et al. (2004) , involving diatom abundance (number of diatom valves in 1 g of the dried material), relative abundance of extinct diatoms, ecological and biogeographical categories based on the habitats of diatom species, living warm-water and cold-water diatom species, and revised diatom temperature (Td'=[(Xw+XW)/(Xw+XW + Xc+XC)] × 100) values (Figs. 2-5 ).
Results and Discussion
Distributions of diatom abundance (×10 7 valves/dry g) and of the diatom species that occurred within 200 valves counted in MD01-2421 are reported in Koizumi et al. (2004) , those in MR02-03-2 are in Koizumi et al. (2003) , and those in MR99-04-3 are shown as Table 1 in this paper.
The fragments of big diatom Coscinodiscus wailesii show abundant to common occurrence exclusively in the upper most part of MIS's stage 6 in three cores: at 143. 78-137.46 cal kyr BP in MD01-2421, 130.06-141.83 cal kyr BP in MR02-03-2, and 126.01-146.71 cal kyr BP in MR99-04-3. The abundances of the fragments show an increase as the location of the core becomes far from near shore area. This species is common in the Japanese coastal waters and sometimes abundant in Tokyo Bay and Sagami Bay in spring (Takano, 1990) . 40  80  120 40  80  120  40  80  120  80  120  0  40  80 120 40 80 120 
Diatom abundance
The fluctuations of diatom abundance (×10 7 valves/dry g) in MD01-2421 are larger than that in MR99-04-3, and moderate in MR02-03-2 ( Fig. 2) . It suggests that the environmental changing affect more seriously in near shore area than in off shore area. In MD01-2421, large fluctuations with secondary and smaller fluctuations occur near the MIS's stage boundaries at the intervals of ~40-kyr. On the other hand, ~20-kyr intervals are dominant in MR02-03-2 and MR99-04-3, and larger fluctuations are situated near the stage boundaries and in the interglacial phase.
The cyclicities in diatom abundances in near shore area are considered to be corresponding to the obliquity (tilt) band variations (41-54 kyr), which modulates seasonality (e.g., De Bore and Smith, 1994) . This implies that seawater mixing during the glacial to interglacial transition induced by orbital-obliquity cycles played an important role in changing composition of diatom flora. The fluctuations at ~20-kyr intervals in off shore area is correlated to precessional (19-23 kyr) changes in distribution of insolation over the earth and hence changes in the contrast between summer and winter.
Ecological and biogeographical associations
The abundances of extinct and freshwater diatom species occupy less than 10% of the total diatom flora, except in a few samples assigned to be in glacial phase, indicating that the contribution of reworked and displaced diatoms derived from the continent or/and sea bottom was minor. It is notable that such allochthonous diatoms to these cores sites as extinct, freshwater, and littoral diatom species are become smaller in number in MR99-04-2 and MR02-03-2 located off shore than in MD01-2421 located near shore.
The relative abundances of littoral-neritic association show resembling decrease as the locations of the cores become far from near shore area, with large fluctuations, in MD01-2421, repeatedly at ~60-kyr intervals throughout the core, and in MR02-03-2, at ~100-kyr intervals, which is likely to correspond to 95-124 kyr cycle of the orbital eccentricity among the Earth's orbital parameters. The ~60-kyr cyclicity in MD01-2421 suggest a correlation between the diatom flora and eustatic changing during the glacial, which was peculiar in near shore area (Birchfield and Gurmbine, 1985; Koizumi et al., 2004 do not show any cyclicities. In littoral-neritic association, the relative abundances of warm-water species dominate over those of coldwater ones throughout the cores, except at 8.0-0 cal kyr BP in MD01-2421 and at 1.7 cal kyr BP in MR02-03-2. Its contribution to the total diatom flora in MD01-2421 and in MR99-04-3 shows a gradual decrease. The higher occurrences of warm-water species since 3.0 cal kyr BP in MR99-04-3 suggest the invasion of Tsugaru Warm Current to the core site ( Fig. 1 ; Koizumi et al., 2003) .
Revised diatom temperature (Td') values
The relative abundances of warm-water species in oceanic association, in contrast, are generally lower than those of cold-water species throughout the cores. However, the abundances of warm-water species are almost equal to those of cold-water species in MR99-04-3 located in the warm tongue along the Kuroshio branch (Fig. 1) . In MD01-2421 and MR02-03-2, the relative abundances of warm-water and of cold-water species in oceanic association show the cyclicities at 20-kyr intervals. In MR99-04-3, the relative abundances dominate alternately between warm-water species and cold-water species at ~40-kyr intervals composed of 20-kyr intervals (Fig. 4) . Each of the Td' curves for the oceanic association is almost a mirror image of each of the relative abundance curves of oceanic cold-water species, as expected (Figs. 4 and 5) . Large fluctuations occur, with secondary and smaller fluctuations, at ~20-and ~40-kyr intervals in three cores, possibly indicating the cyclicities. Fluctuations are recognized like saw-tooth since 130 cal kyr BP in the first MIS's stage 5e in MR99-04-3, but fluctuations become less frequent in 90-55 cal kyr BP and 25-0.5 cal kyr BP in MR02-03-2. And in MD01-2421, in particular, reversed saw-tooth are recognized twice in 90-20 cal kyr BP. High Td' values occur at MIS 5e, 5d/c boundary, 5a/4 boundary, 4/3 boundary, the middle part of MIS 3, and 1, all leading the interglacial phase. The correspondence of high Td' values to the periods turning toward interglacial phase is recognized common among three cores (Fig. 5) .
The Younger Dryas event at 13.0-11.2 cal kyr BP was clearly recorded in three cores, especially in MD01-2421 and MR99-04-3. 3, 4, 7, 8, 10 4, 7 4, 7 3, 4, 6, 7, 8, 10 3, 4, 7, 8, 10 3, 4, 7 7 4, 6, 7, 10 4, 6, 7, 8, 10 3, 4, 6, 7 3, 4, 7, 8 10 3, 4, 6, 7, 10 3, 4, 6, 7 4 1, 3, 4, 6, 7, 10 7, 8, 10 4, 6, 7 Table 2 : Ecological and biogeographical subdivision of diatom species in three cores. 
Conclusion
The extinct, freshwater, and littoral diatom species did not contribute to the total diatom flora as reworked and displaced diatoms derived from the continent or/and sea bottom, but their relative abundances decreased as the locations of the cores become far from near shore area.
The fragments of a big diatom Coscinodiscus wailesii occurred with abundant to common frequencies at the uppermost part of MIS's stag 6 in three cores. The abundances of fragments were larger in MR99-04-3 than in MD01-2421, suggesting a relationship between the geographical situations of core sites and the sedimentological process on settling of the valves.
In the Kuroshio off Kashima: (1) Diatom abundance fluctuated largely and large fluctuations occurred near the MIS's stage boundaries at intervals of ~40-kyr corresponding to the orbital-obliquity (tilt) cycles. (2) The relative abundances of littoral-neritic diatom association was higher and fluctuated at ~60-kyr intervals suggesting changes in the sea level due to glacial phase in climate. (3) The relative abundances of warm-water species in littoral-neritic association dominated over those of cold-water ones. (4) The relative abundances of warm-and of cold-water species in oceanic association fluctuated at ~20-kyr intervals. (5) In the Td' curve fluctuations in the shape of reversed saw-tooth at ~30-kyr intervals developed during 90-20 cal kyr BP.
In the Kuroshio Extension off Joban: (1) Large fluctuations in the diatom abundance occurred near the stage boundaries and in the interglacial phases at intervals of ~20-kyr corresponding to the precession cycles.
(2) The fluctuations in the relative abundances of littoral-neritic association occurred at ~100-kyr intervals suggesting the orbital-eccentricity cycles. (3) The relative abundances of cold-water species in oceanic association dominated over those of warm-water ones, but in MR99-04-3 whose location is under the influences of the Tsugaru Warm Current, the abundances of warmand of cold-water species both were almost equal. (4) The relative abundances alternated between warm and cold-water species at ~40-kyr intervals composed of 20-kyr intervals. (5) In the Td' curve the saw-tooth shaped fluctuations occurred at ~40-kyr intervals since 130 cal kyr BP in the MIS's stage 5e.
Future works
The changing process and hydrographic mechanism in the water in the studied area should be resolved by high resolution analysis of many paleoceanographic proxies.
The Td' values based on fossil diatoms should be translated to SST (sea surface temperature), and also biology of large diatom Coscinodiscus wailesii and sedimentological process which this species was involved should be researched to know the relationship between preservation and dissolution of biologic flux.
We have four piston cores to be analyzed. They were recovered on the eastern-western transect of 40°N in the Oyashio Area, and with several piston cores from near shore area off Joban at 37.5°N in the Perturbed Area, they help much to understand more precisely the water in the studied area.
